Ligand substitution reactions and catalytic hydroamination/cyclization of aminoalkenes have been studied with a new oxazolinylborato yttrium compound, tris(4,4-dimethyl-2-oxazolinyl)phenylborato bis(trimethylsilylmethyl)yttrium ([Y(κ3-ToM)(CH2SiMe3)2(THF)], 1). THF exchange in 1 is rapid at room temperature, and activation parameters obtained by simulation of 1H NMR spectra acquired from 190 to 280 K are consistent with a dissociative mechanism (ΔS ‡ = 30 ± 1 e.u., ΔG ‡ = 11.9 kcal mol−1 at 243 K). The related phosphine oxide adduct [Y(κ3-ToM)(CH2SiMe3)2(OPPh3)] (2) also undergoes exchange via OPPh3 dissociation with a much higher barrier (ΔG ‡ = 15.0 kcal mol−1 at 320 K). Compound 1 reacts with the amines tBuNH2, para-MeC6H4NH2, and 2,6-iPr2C6H3NH2 to provide six-coordinate [Y(κ3-ToM)(NHR)2(THF)] (3: R = tBu; 4: R = para-MeC6H4) and five-coordinate [Y(κ3-ToM)(NH-2,6-iPr2C6H3)2] (6). These oxazolinylborato yttrium compounds are precatalysts for the cyclization of aminoalkenes; the kinetics of catalytic conversion indicate zero-order substrate dependence and first-order catalyst dependence. Kinetic investigations of ligand exchange processes and hydroamination reactions indicate that the tris(oxazolinyl)borato-yttrium interaction is robust even in the presence of excess phosphine oxide and primary and secondary amines.
Introduction
Exchange of coordinated product for substrate is an important part of catalytic chemistry, and thus rare earth organometallic compounds are valuable in catalysis because of their facile ligand substitutions.
1 However, undesired substitution of ancillary ligands can diminish yields, lower selectivity, and provide pathways for decomposition. Additionally, exchange reactions can be difficult to detect if the thermodynamically favored product contains kinetically labile ancillary ligands. A key challenge in organo-rare earth element chemistry is the discovery of new robust spectator ligands that control the selectivity of reactions, such as ligand exchange, at the remaining bonding sites. In this context, tridentate, fac-coordinating monoanionic ligands are expected to be useful for trivalent rare earth chemistry because their charge and the chelate effect inhibit ancillary ligand dissociation, whereas two reactive valences remain available for bonding to additional anionic ligands.
C 3v -symmetric ligands, such as the anionic borate-containing tris(pyrazolyl)borates (Tp), 2 tris(phosphino)borates, 3 tris(carbene)borates, 4 and tris(sulfido)borates, 5 have allowed for the stabilization of reactive moieties bonded to metal centers. Recently, the related zwitterionic C 2 -symmetric bis (oxazolinyl)borate (borabox) 6 and neutral tris-oxazoline ligands (tris-ox) 7 have provided optically active scorpionatelike ligands. We have recently contributed to this area with tris(oxazolinyl)borates 8 that combine zwitterionic and tridentate features, providing ligands reasonably described as sterically and electronically modified tris(pyrazolyl)borates. The zwitterionic nature, tridentate binding motif, and steric protection afforded by tris(oxazolinyl)borates suggest that they would be good ancillary ligands for rare earth centers. Thus, we began to synthesize new compounds containing the tris(4,4-dimethyl-2-oxazolinyl)borate ligand *Corresponding author. E-mail: sadow@iastate.edu.
(1) (a) Watson, P. L.; Parshall, G. W. Acc. Chem. Res. 1985, 18, 51-56 
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Additional motivation was that few bis(amido) compounds of the type TpLn(NR 2 ) 2 have been described, 14 although rare earth amido compounds have wide-ranging chemistry. The reported catalytic chemistry of monotris(pyrazolyl)borate and tris-ox rare earth compounds has primarily focused on olefin polymerization, 10,15 and our tris(oxazolinyl)borate compounds might provide new catalytic chemistry for scorpionate-type complexes. In particular, hydroamination/cyclization of aminoolefins has recently received significant attention as an efficient method for preparing nitrogen-containing heterocycles. 13, 16, 17 Although most rare earth hydroamination/cyclization catalysts contain dianionic ancillary ligand sets, 18 fewer catalysts contain one monoanionic ancillary ligand and two reactive valences. 19, 20 Although oxazoline ligands are common ancillary ligands in transition-metal chemistry, few oxazoline-containing complexes have been studied in rare earth hydroamination catalyses.
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Here we describe the synthesis and structural characterization of the first tris(oxazolinyl)borate yttrium alkyl and amide compounds, ligand exchange reactions at the reactive yttrium centers, and their catalytic properties in hydroamination/cyclization of aminoalkenes. We have investigated the kinetics of ligand exchange and hydroamination reactions, and these measurements show that the yttrium-To M interaction is robust under catalytic conditions, whereas the yttrium alkyl, amido, and neutral ligands react rapidly.
Experimental Section
General Procedures. All reactions were performed under a dry argon atmosphere using standard Schlenk techniques or under a nitrogen atmosphere in a glovebox, unless otherwise indicated. Water and oxygen were removed from benzene, toluene, pentane, diethyl ether, and tetrahydrofuran solvents using an IT PureSolv system. Benzene-d 6 , tetrahydrofuran-d 8 , and toluene-d 8 were heated to reflux over Na/K alloy and vacuum-transferred. Anhydrous YCl 3 was purchased from Strem and used as received. 2,6-diisopropylaniline and tert-butylamine were distilled from CaH 2 prior to use and stored over 4 Å mol. sieves in the glovebox, and p-toluidine was purified by sublimation. The aminoalkenes 4-penten-1-amine, 13b N-methyl-2,2-diphenyl-4-penten-1-amine, 21 2,2-diphenyl-4-penten-1-amine, and 2,2-dimethyl-4-penten-1-amine, 20 (9) Marques, N.; Sella, A.; Takats, J. Chem. Rev. 2002 Rev. , 102, 2137 Rev. -2159 8022 Inorganic Chemistry, Vol. 48, No. 16, 2009 Pawlikowski et al. 11 B NMR spectra were referenced to an external sample of BF 3 3 Et 2 O. Elemental analyses were performed using a Perkin-Elmer 2400 Series II CHN/S by the Iowa State Chemical Instrumentation Facility. X-ray diffraction data was collected on a Bruker-AXS SMART 1000 CCD diffractometer using Bruker-AXS SHELXTL software.
[ 22; H, 8.29; N, 5.85. Found: C, 54.98; H, 8.12; N, 5.83. mp 185°C (dec.) [
Compound 1 (0.116 g, 0.162 mmol) was dissolved in benzene (3 mL) and triphenylphosphine oxide (0.045 g, 0.162 mmol) was added. After 10 min, the volatiles were removed and the remaining solid was washed with pentane and dried under vacuum to yield 0. , 8.36; N, 10.19. Found: C, 57.23; H, 8.27; N, 9.64. mp 195°C (dec.) [Y(K 3 -To M )(NH-para-MeC 6 H 4 ) 2 (THF)] (4). para-Toluidine (0.018 g, 0.167 mmol) and 1 (0.060 g, 0.084 mmol) were dissolved in toluene (2 mL) at ambient temperature. After 5 min, the volatiles were removed from the reaction mixture, and the resulting white powder was washed with pentane and dried under vacuum to afford 0. H, 7.07; N, 9.27. Found: C, 62.02; H, 7.02; N, 9.22. mp 132°C (dec.) [ , 8.78; N, 12.20. Found: C, 57.91; H, 8.50; N, 12.14. mp 192°C (dec.) [
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Pr 2 C 6 H 3 ) 2 ] (6). 2,6-Diisopropylaniline (0.032 mL, 0.169 mmol) was added to a benzene solution of 1 (0.060 g, 0.084 mmol) at ambient temperature, and the reaction mixture was stirred for 5 min. After evaporation of the volatiles, the resulting residue was washed with cold pentane (5 mL) Hydroamination Catalysis. In a typical experiment, an NMR tube equipped with a J. Young Teflon valve was charged with 1 (10 μmol), the appropriate substrate (0.2 mL of a 1 M solution in benzene-d 6 ; 200 μmol), and 0.3 mL of benzene-d 6 . The 1 H NMR spectrum of the reaction mixture was recorded at regular intervals to accurately determine the time until complete conversion.
Kinetic Measurements. Reactions were monitored by 1 H NMR spectroscopy with a Bruker DRX400 spectrometer using 5 mm Wilmad NMR tubes equipped with a J. Young Teflon valve. Samples were prepared by dissolution of 1 in benzene-d 6 containing a known concentration of C 6 Me 6 or C 8 H 16 standard and aminoolefin immediately before being placed in the NMR probe, which was preset to the required temperature. The probe temperature was calibrated before each measurement using an external thermocouple in an NMR tube lowered into the probe; once the probe temperature stabilized, it was monitored with the instrument's thermocouple. Single scan spectra were acquired automatically at preset time intervals. The peaks were integrated relative to C 6 Me 6 or C 8 H 16 as an internal standard. Rate constants were obtained by nonweighted linear least-squares fit of the concentrations to the integrated rate law.
Results and Discussion
Synthesis and X-ray A single-crystal X-ray structure confirms the identity of 1 revealing κ 3 -N,N,N-coordination of the To M , one THF, and two trimethylsilylmethyl ligands bonded to yttrium (Figure 1) . Although 1 is fluxional in solution as indicated by 1 H NMR spectroscopy (see below), only one specific and distorted geometry is observed in the solid state such that two independent molecules in the unit cell have similar metrical parameters. The tridentate To M ligand is tied-back which results in small -N-Y1-N angles of 80.2(2), 79.9(2), and 75.7(2)°; the third angle is significantly smaller than the other two. The Y1-N bond distances of 2.443(5), 2.477(5), and 2.571(7) Å are also inequivalent, and the anomalously long bond is trans to one CH 2 SiMe 3 rather than THF. The two shorter Y1-N bonds (2.477(5) and 2.443(5) Å ) trans to the other CH 2 SiMe 3 and to THF are statistically equivalent. Because the two Y1-N bond lengths trans to CH 2 SiMe 3 are different by ca. 0.1 Å , it is surprising that the Y1-C distances 2.405(7) and 2.409(7) Å are identical. The angles between THF and the two CH 2 SiMe 3 ligands are also very different: -O4-Y1-C26 is 83.5(3) and -O4-Y1-C22 is 99.7(2)°. Because both molecules in the unit cell have similar geometries, these distorted structural features are best explained by interligand steric interactions between the bulky To M and CH 2 SiMe 3 ligands and have little to do with electronic differences between CH 2 SiMe 3 and THF ligands. The two CH 2 SiMe 3 groups are oriented to avoid each other, forcing one CH 2 SiMe 3 to be directed toward the THF ligand resulting in the large -O4-Y1-C22 angle. The other CH 2 SiMe 3 points toward the CMe 2 group of an oxazoline ring, and that angle is also large (-C26-Y1-N2=112.0(3)°).
Because yttrium(III) is relatively large (0.9 Å six-coordinate radius) 23 8024 Inorganic Chemistry, Vol. 48, No. 16, 2009 Pawlikowski et al.
geometry are due to interligand steric interactions, the effective steric properties of To M bonded to yttrium were evaluated. The solid angle for a ligand, which is determined by treating the metal center as a point source of light and evaluating the surface area of the shadow cast by the ligand on a sphere surrounding the complex, provides a good method for evaluating the steric properties of ligands (particularly multidentate ligands).
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In 1, the solid angle of To M (5.82 steradians) determined using the program Solid-G 25 corresponds to 46.3% of the surface area of the sphere. The solid angle of a CH 2 SiMe 3 group is 1.74 steradians (13.9%) and THF is 1.6 steradians (13.0%). Because tridentate N,N,N-coordination is the only accessible bonding mode (see below), redistribution to give [Y(κ 3 -To M ) 2 (CH 2 SiMe 3 )] and [Y(CH 2 SiMe 3 ) 3 (THF)] is disfavored by the size of To M even on the large yttrium center. Importantly, the solid angles and the X-ray structure also reveal that a hemisphere around the yttrium center (corresponding to three fac-sites of an octahedron) is available for reactivity.
For comparison, the X-ray structure of [Y(κ 3 -Tp*)-Cl 2 (3,5-Me 2 N 2 C 3 H)] reveals a similar tied-back geometry for the Tp* ligand (-N-Y-N angles of 79.4(2), 79.3(2), and 78.6(2)°), Y-N bond distances of 2.368(6), 2.418(5), and 2.420(5) Å , and a slightly smaller solid angle for Tp* of 5.58 steradians (44.4% of the surface area of a sphere surrounding the complex is occupied). J YSi = 4.6 Hz). THF is also coordinated (3.89 and 1.35 ppm, 4 H each), and only a single set of THF resonances is observed in the presence of excess THF in benzene-d 6 indicating that coordinated and free THF exchange rapidly at room temperature. Because the mechanism responsible for this observed symmetrization could involve oxazoline and/or THF dissociation, we investigated the fluxional process in detail to establish the labile or inert nature of the tris(oxazolinyl)borate ligand in 1.
The low-temperature 1 H NMR spectrum of 1 (toluened 8 , 220 K) contained three singlet resonances in a 1:1:1 ratio for oxazoline methyl groups as well as a pair of coupled doublets and a singlet for the methylene groups. Additionally, resonances corresponding to coordinated and free THF were observed (in the presence of excess THF). The low-temperature C s -symmetric structure of 1 is depicted in Figure 2 . )(CH 2 SiMe 3 ) 2 (THF)] is the only species detected over this temperature range. This indicates that temperature-dependent changes to the equilibria will not complicate our analysis of the exchange process. The resonances for free and coordinated THF decoalesce at 243 K, and resonances for C s -symmetric To M decoalesce at the same temperature, strongly suggesting that the fluxional process that exchanges the oxazoline groups is correlated with THF exchange. Additionally, the exchange process occurs in the absence of excess THF (to 1 H NMR detection limits). Therefore, we postulate that the mechanism for symmetrization of 1 involves a dynamic equilibri- um that favors 1 and proceeds via THF dissociation, inversion of a five-coordinate yttrium species, followed by THF coordination (Figure 3) .
The dynamic behavior of both the methyl and methylene regions was simulated using gNMR, 26 and this simulation provides rate constants for site exchange of three oxazoline groups. The rate constants, measured at concentrations of [1] = 35.7 and 71.4 mmol (e.g., k exchange 225K = 7 s -1 ), are independent of [1] and unaffected by added equivalents of THF. An Eyring plot, using the rate constants obtained from dynamic NMR simulations, provides values of ΔH ‡ =80.1(1.5 kJ mol -1 (19.1 ( 0.4 kcal mol -1 ) and ΔS ‡ =124 ( 6 J mol -1 K -1 (30 ( 1 eu). These activation parameters are clearly consistent with a dissociative exchange process because the large ΔH ‡ is consistent with bond breaking and the large positive ΔS ‡ indicates increased disorder in the transition state. These parameters indicate that the rate determining step in the overall exchange process is THF dissociation rather than coordination (where the opposite sign for ΔS ‡ is expected); this dissociation is also consistent with the observed [THF]-independent exchange rates and the observation of 1 as the only To M Y-containing species present. Yttrium inversion and oxazoline-arm dissociation are also unlikely since ΔS ‡ is large, and this mechanism suggests that k inv is fast with respect to THF dissociation. The entropic and enthalpic contributions to the activation barrier are counterbalanced and give a small overall ΔG ‡ (50.0 kJ mol -1 or 11.9 kcal mol -1 ) at the coalescence temperature of 243 K.
For comparison, the compound [Y(κ 3 -Tp*)Cl 2 (THF)] is fluxional to at least 200 K in THF-d 8 , but in 3,5-dimethyltetrahydrofuran a static C s -symmetric structure for [Y(κ 3 -Tp*)Cl 2 (3,5-Me 2 OC 4 H 6 )] is observed (i.e., slow exchange occurs with a bulkier ligand) suggesting that the ligand exchange mechanism in this pyrazolylborate system is associative.
10b Additional evidence for associative substitution in the Tp-system is that the parent [Y(κ 3 -Tp)-X 2 (THF) 2 ] (X = Cl, Br) compounds are seven-coordinate. 10b The different spatial distribution of steric bulk in To M versus Tp* may be responsible for this mechanistic change, although the difference in chloride versus alkyl ligand may also affect the mechanism. [Y(κ 3 -Tp*)(CH 2 SiMe 3 ) 2 (THF)] is fluxional at room temperature, but no mechanism is proposed for exchange. 8026 Inorganic Chemistry, Vol. 48, No. 16, 2009 Pawlikowski et al.
the 1 H NMR spectrum of the static C s -symmetric structure were observed. The coalescence temperature for oxazoline exchange is 320 K, as compared to 243 K for 1, and this T C is unaffected by added OPPh 3 . An Eyring plot based on line shape analysis provides the following activation parameters:
.). The positive ΔS
‡ and zero-order dependence on [OPPh 3 ] are again consistent with a dissociative mechanism. However, we were surprised to find similar ΔH ‡ but a significantly smaller ΔS ‡ value for 2 versus 1. One possible explanation for the low activation entropy in 2 is that oxazoline-arm dissociation, which is expected to have a small dependence on entropy, is occurring rather than OPPh 3 dissociation. However, several other experiments rule out this interpretation. In the presence of 3 equiv. of OPPh 3 , 2 is the only To M -containing species observed, and there is no evidence for a bis(phosphine oxide) species that might be formed upon oxazoline dissociation. Phosphine oxide exchange is occurring, and support for this comes from the reaction of OPPh 2 Cy and 2, which gives a mixture containing 2, free OPPh 3 , [Y(κ 3 -To M )(CH 2 SiMe 3 ) 2 (OPPh 2 Cy)], and OPPh 2 Cy (assigned by 31 P NMR spectroscopy) after 10 min at room temperature in benzene-d 6 . Variable-temperature 31 P NMR spectra of a mixture of 2 and OPPh 3 , acquired from 270 to 360 K in toluene-d 8 , show resonances for 2 and free OPPh 3 that broaden as the temperature increases. Broad resonances in the high-temperature spectra prove that free and coordinated phosphine oxide exchange rapidly on the 31 P NMR time scale. If oxazoline-arm dissociation rather than OPPh 3 dissociation was involved in the symmetrization process (observed in the 1 H NMR spectra), then the resonance due to free OPPh 3 would not be broadened. These 31 P NMR spectra were simulated with gNMR 26 to obtain rate constants for exchange of free and coordinated phosphine oxide. From these data, activation parameters for exchange of coordinated phosphine oxide in 2 with free phosphine oxide (ΔH ‡ =80 ( 4 kJ mol -1 ; ΔS ‡ =23 ( 1 kJ mol -1 K -1 ) are comparable to the parameters determined from the 1 H NMR spectra for the symmetrization process in 2, and this suggests that both processes have a common mechanism. Taken together, these observations strongly favor OPPh 3 dissociation as the rate determining step for the symmetrization of 2 observed at elevated temperatures.
We propose that the low activation entropies measured for symmetrization and exchange processes in 2 result from an early transition state for OPPh 3 dissociation where bond cleavage is less compensated by entropic factors (in comparison to THF dissociation from 1). As expected from qualitative analysis of variable-temperature NMR spectra, the ΔG ‡ value at the coalescence temperature (62.7 kJ mol -1 ; 15.0 kcal mol -1 at 320 K) for OPPh 3 dissociation is significantly higher than the value measured for THF dissociation (50.0 kJ mol Pawlikowski et al.
The catalytic activity of complexes 1, 2, and 6 for the hydroamination/cyclization of substrates 7 and 8 is rather modest with respect to highly active lanthanocene catalysts. For example, cyclization of the gem-dimethyl substrate 8 with catalyst 1 proceeded with a turnover frequency of 1.9 h -1 at 50°C, compared to 95 h -1 at 25°C for [Cp* 2 LaCH(SiMe 3 ) 2 ].
13b Marks has reported that lanthanide bis(oxazoline) catalysts are extremely efficient in asymmetric hydroamination/cyclization reactions; a catalyst system derived from (4R,5S)-Ph 2 BoxH (Box = 2,2 0 -bis(2-oxazoline)methylenyl) and [La{N(SiMe 3 ) 2 } 3 ] cyclizes gem-diphenyl substrate 7 at 23°C with a turnover rate exceeding that of catalyst 1 by several orders of magnitude (660 h -1 vs 2.4 h -1 ).
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The activity of catalyst 1 for aminoalkene 8 is more comparable to other nonmetallocene yttrium-based hydroamination catalysts. The simple homoleptic tris (amide) complex [Y{N(SiMe 3 ) 2 } 3 ] cyclizes 8 with a turnover frequency of 11.6 h -1 at 25°C, 28 and well-defined yttrium alkyl and amido complexes supported by diamidoamine ligands catalyze the same reaction with turnover rates between 1.2 and 10 h -1 .
28b
Kinetics of the cyclization of 2,2-diphenyl-4-penten-1-amine substrate (0.4 M) catalyzed by 1 (4-10 mol %) were evaluated at 310 K; the rate is independent of [substrate] for 3 half-lives (see the Supporting Information). suggests that the resting state of the catalyst during hydroamination catalysis is an amine adduct since excess amine is present under catalytic conditions. The X-ray diffraction study of 5 provides a model for the structure of the catalyst's resting state (see above). Interestingly, increasing [1] increases the observed rate (and presumably the percentage of active sites) in a linear but greaterthan-unity fashion. As the concentration of 1 is increased at higher loadings, [yttrium] and [THF] increase in a strictly 1:1 fashion, whereas the yttrium:amine ratio changes as catalyst concentration is increased. Since greater inhibition is observed at low catalyst loadings, we suggest that amine coordination is more significant to catalyst inhibition than THF binding. Because the rate is essentially invariant over the reaction time, product and substrate coordination to yttrium contribute approximately equally to the inhibition. 13b,18h Similar catalytic activities are observed for 1 and the THF-free precatalyst 6 in the cyclization of diphenyl substrate 7 (Table 1 , entries 2 and 4) which is consistent with the proposal that amine coordination is more significant than THF binding in catalysis inhibition. However, the coordination of OPPh 3 to the active catalyst formed from 2 apparently becomes competitive with amine coordination and the turnover frequency is decreased by a factor of 3 (entry 3).
Conclusion
We have shown here that the tridentate monoanionic tris(oxazolinyl)borate To M ligand supports six-coordinate bis(alkyl) and five-and six-coordinate bis(amido) yttrium complexes. The bowl-like To M ligand occupies almost a hemisphere of space around the yttrium center as quantified by solid angles, and this disfavors disproportionation to mixtures of YR 3 and bis(To M )YR-type complexes. However, the bulky To M ligand does not impede substitution reactions in [Y(κ 3 -To M )(CH 2 SiMe 3 ) 2 (THF)] since THF is labile and easily replaced by OPPh 3 and amines. Furthermore, THF substitution occurs dissociatively through a five-coordinate intermediate, and this is contrasted with associative THF b Clean zero-order kinetics were not observed for 3 half-lives; N t calculated from conversion of substrate through two half-lives.
